We investigated the structure and field-emission property of tungsten oxide nanowires synthesized under different oxidation degrees. We annealed a sputtered tungsten film at 800 C, controlling the ratio of hydrogen to oxygen (RHO) using Ar/H 2 (97/3%) gas in a vacuum furnace. The resulting differences in shape, number density, length, and width of the nanowires were observed by scanning electron microscopy. In the RHO range of 0 to 0.4, beltlike structures were synthesized. In the RHO range of 0.8 to 4, only thin nanowires were synthesized. In this range, length and width did not differ with RHO, but the number density decreased as RHO increased. The sample with a nanowire density of 2 mm À2 , annealed with an RHO of 4, showed the highest field-emission property, i.e., a current of 1 mA/cm 2 for an electric field of 22 V/mm. We demonstrated their emission by fluorescence imaging and showed that the nanowires are promising candidates for field emitters.
Introduction
Tungsten oxide nanowires are one-dimensional nanostructures, which have diameters of 10 -100 nm and a length of about 1 mm. The nanowires spontaneously grow by simple annealing of tungsten materials such as tungsten foils, 1) wires, 2, 3) filaments, 4) sputtered films, 5) or powders. 6) Since the nanowires have high aspect ratios and are easily fabricated, they have attracted much attention as promising materials for field emitters. [7] [8] [9] [10] [11] [12] Many studies have dwelt on the growth conditions of nanowires. Some studies indicated that the structure of a nanowire is affected by conditions such as oxygen content in tungsten materials. 13) In addition, many researchers investigated the growth mechanism of nanowires. Some studies suggested that the nanowires grow when tungsten oxide molecules diffuse on a material. 14, 15) Other studies suggested that the nanowires grow by absorbing tungsten oxide molecules on a material. [16] [17] [18] [19] These studies suggested that the growth of nanowires is caused by a migration of tungsten oxide molecule, which is induced by oxidation of the tungsten material. Therefore, the amount of oxygen that reacts with the tungsten material during the synthesis of nanowires should be a factor that affects the morphology of nanowires. However, the effect of the amount of oxygen that reacts with the tungsten material, i.e., oxidation degree, during synthesis of nanowire has not been studied to date.
In this study, we examined the effects of the oxidation degree of tungsten materials during the synthesis of nanowires on their shape, number density, length and width by controlling the ratios of hydrogen to oxygen (RHOs) using an Ar/H 2 mixture gas during annealing for their synthesis. The effect of the oxidation degree on field-emission property, which is affected by the shape and number density of the nanowires, was also clarified using the resulting samples.
Experimental Methods
We used sputtered W/Cr films on Si substrates with the thicknesses of 200/50 nm, respectively, as samples. The film was formed by standard radio frequency (rf) magnetron sputtering. The Cr film prevented the tungsten film from detaching from the Si substrates. Ar was used as sputtering gas. The base pressure of the sputtering chamber was 1 Â 10 À2 Pa and the sputtering pressure was 5 Â 10 À1 Pa. The deposition rate of tungsten was 13 nm/min. The samples were heated at 200 C during sputtering to make the film surface smooth. After the deposition, the samples were cooled to room temperature in a vacuum. We placed the samples in a vacuum furnace and annealed them by infrared heating. The base pressure of the furnace was 5 Pa. Keeping the vacuum pump on, we introduced an Ar/H 2 mixture gas (Ar: 97%, H 2 : 3%). The flow rate of the mixture gas was varied from 0 to 150 sccm, and the total pressure of the furnace was from 5 to 100 Pa. The leakage rate of the furnace was 2 sccm, which was determined by measuring the increasing pressure rate after shutting off the vacuum pump. Since the ratio of oxygen to air was 0.2, the flow rate of leaking oxygen was estimated to be 0.4 sccm. Therefore, the ratios of hydrogen to oxygen in the furnace were calculated to be 0 to 11 for the Ar/H 2 gas flow rates of 0 to 150 sccm. Each sample was annealed from room temperature up to 800 C for 10 min and maintained at 800 C for 10 min. After annealing, we cooled the furnace to room temperature for 30 min while maintaining Ar/H 2 gas flow. The surfaces of these samples were observed by scanning electron microscopy (SEM; Hitachi S-4160). To investigate their fieldemission properties, the samples were set with counterelectrodes with a spacing of 75 mm. Their field-emission properties were examined in a chamber evacuated to 1:3 Â 10 À3 Pa by applying voltage of up to 22 V/mm to the electrodes. annealed with an RHO of more than 0.8, were studied. Length and width were averages of measurements of 50 nanowires randomly selected on each sample. The resulting densities of the nanowires on the samples decreased as RHO increased. On the other hand, there were no significant differences in length and width with RHO. These results indicate that only thin nanowires with a high aspect ratio are synthesized in a certain range of the oxidation degree. In this range, the density of nanowires decreases as the oxidation degree of tungsten films decreases and finally the nanowires disappear. Therefore, we can control the number density of nanowires by controlling the oxidation degree of the material using oxidation or reduction gas.
Results and Discussion
We also investigated the elevation angles of the nanowires from the surface of the sample with an RHO of 2 [ Fig. 1(d) ] by comparing SEM images of identical nanowires tilted at 0 and 40
. Figure 3(a) shows the number distribution of the elevation angle. The number of nanowires synthesized with an angle range of 40 -50 was the largest, and the average angle was 42
. Figure 3(b) shows the relationship between the elevation angle and the length of 150 nanowires randomly selected. The correlation coefficient between the angle and the length was almost 0, indicating that the length has no relationship with the elevation angle. Figure 4 shows a transmission electron microscopy (TEM; JEM-2010F, JEOL, 200 kV) image of a nanowire from the sample annealed with an RHO of 0.8 [ Fig. 1(c)] . The nanowire had a uniform crystalline structure along the growth direction. The lattice spacing along the growth direction was determined to be 3.64 Å from the electron diffraction (ED) pattern. According to JCPDS card No. 24-747, the growth direction of the nanowire could be identified as monoclinic WO 3 [100]. The high-resolution image shows that the nanowire also had stacking faults on the growth direction. Li et al. have reported that the crystalline structure with stacking faults was different from that without stacking faults. 4) Therefore, we should characterize the crystalline structure of the synthesized nanowires in detail in the future. Figure 5 shows the energy dispersive X-ray spectrometry (EDS) spectrum of the nanowire. The spectrum indicates that the nanowire consists of tungsten and oxygen. The peak of Cu is from the microgrid used for TEM.
We investigated the field-emission properties of the samples with nanowire densities of 30, 10, 2, and 0 mm À2 , annealed with RHOs of 0.8, 2, 4, and 11, respectively [ Figs. 1(c)-1(f) ]. Figure 6 shows a schematic of the electrodes used for the measurements. These measurements were performed in a vacuum chamber at a pressure of 1:3 Â 10 À3 Pa. Figure 7 shows the emitted current density of each sample and the Fowler-Nordheim (F-N) plot for the sample with a nanowire density of 2 mm À2 [the sample shown in Fig. 1(e) ]. The F-N plot shows almost a straight line, indicating that the current was emitted by field emission. The sample without nanowires hardly emitted any current. On the other hand, the samples with nanowires emitted current. The samples with nanowire densities of 30, 10, and 2 mm À2 emitted currents of 0.2, 0.6, and 1 mA/cm 2 for an electric field of 22 V/mm, respectively. These results indicate that the samples with a small density emitted a higher current. As reported on carbon nanotubes, many emitters on the substrate shield an electric field from each other and the field-emission property becomes weaker. 20) We assume that the nanowires with a high number density may make field emission difficult. To synthesize nanowires that have a high-field-emission property, the optimal RHO is found to be 4, with which nanowires of 2 mm À2 are synthesized.
We evaluated the field-emission property of the sample with a nanowire density of 2 mm À2 [the sample shown in Fig. 1(e) ]. The turn-on field, the electric field required to produce a current density of 10 mA/cm 2 , was about 13 V/ mm. According to the F-N theory, 21) the slope of the F-N plot (k) can be described as k ¼ À6:8 Â 10 7 ' 1:5 d=, where is the field-enhancement factor, ' is the work function, and d is the anode-cathode separation. By using the slope value k ¼ À9884, the work function of WO 3 ' ¼ 5:7 eV, 22) and the anode-cathode separation d ¼ 7:5 Â 10 À5 m, is calculated to be 6:7 Â 10 2 . Table I shows the field-enhancement factors and the turn-on field of the nanowires reported by other reserchers. The field-enhancement factor of this work is almost equal to that reported by Lee et al. 7) Baek et al. and Seelaboyina et al. 11) have a larger field enhancement, which implies that they synthesized the nanowires on a tungsten tip. The turn-on field increases when field emission is performed at a lower vacuum.
11) Therefore, the large turnon field of this work is attributed to the lower vacuum than those of other studied. Figure 8 shows a demonstrated field-emission image through phosphor-coated indium tin oxide (ITO) glass for the sample with a nanowire density of 2 mm À2 , annealed with an RHO of 4 [ Fig. 1(e) ]. This fluorescence image indicates that nanowires are promising candidates for field emitters.
Conclusions
We have investigated the shape, number density, length, width and field emission property of tungsten oxide nanowires under different oxidation degrees during their synthesis. We annealed a sputtered tungsten film, controlling RHO by introducing Ar/H 2 gas in a vacuum furnace. In the RHO range of 0 to 0.4, beltlike structures were synthesized. In the RHO range of 0.8 to 4, only thin nanowires were synthesized. In this range, length and width did not differ with RHO, but the number density decreased as RHO increased. The field-emission property of the nanowires increased as the density of the nanowires decreased. The sample with a nanowire density of 2 mm À2 , annealed with an RHO of 4, showed the highest field-emission property, i.e., a current of 1 mA/cm 2 for an electric field of 22 V/mm. We demonstrated their emission by fluorescence imaging and showed that the nanowires are promising candidates for field emitters. Fig. 1(e) ].
